-and normoxia-induced reversibility of autonomic control in Andean guinea pig heart. J. Appl. Physiol. 81(5): 2229-2234, 1996.-We herein describe the regulation of cardiac receptors in a typical high-altitude native animal. Heart rate response to isoproterenol (HR Iso ) (beats · min 21 ·mg Iso·kg 21 ) and atropine, the density of b-adrenergic (b AR ) and muscarinic (M 2 ) receptors, and the ventricular content of norepinephrine (NE) and dopamine (DA) were studied in guinea pigs (Cavia porcellus). Animals native to Lima, Peru (150 m) were studied at sea level (SL) and after 5 wk at 4,300-m altitude (SL-HA). Animals native to Rancas [Pasco, Peru (4,300 m)] were studied at high altitude (HA) and after 5 wk at SL (HA-SL). HA animals had a lower HR Iso , maximum number of b AR binding sites (B max ), b AR dissociation constant (K d ), NE, and DA (P , 0.05) and a higher M 2 B max (P , 0.001) when compared with the SL group. HA-SL showed an increase of the HR Iso , b AR K d , and NE (P , 0.05) and a decrease of the M 2 B max and K d (P , 0.0001) when compared with the HA group. The present study demonstrates the differential regulation and reversibility of the autonomic control in the guinea pig heart. high altitude; b-adrenergic receptors; muscarinic receptors; norepinephrine; isoproterenol AS EARLY AS 1935, Monge and Pesce (23) found a lower cardiac response to exercise by means of a ''step test'' and a higher cardiac-ocular and solar reflex in the Andean native when compared with sea-level (SL) humans. Because they have also reported an important hypertonus of the vagus, they suggested that increased parasympathetic activity could counteract and offset the increase in sympathetic activity at high altitude (HA).
AS EARLY AS 1935, Monge and Pesce (23) found a lower cardiac response to exercise by means of a ''step test'' and a higher cardiac-ocular and solar reflex in the Andean native when compared with sea-level (SL) humans. Because they have also reported an important hypertonus of the vagus, they suggested that increased parasympathetic activity could counteract and offset the increase in sympathetic activity at high altitude (HA).
Many years later, several studies have shown that at HA, time-dependent changes occur in the autonomic nervous system. A rise in sympathetic activity and catecholamine concentrations occurs in rat and humans at rest and during exercise over short periods of exposure to hypoxia (21, 25) . After days of exposure, a progressive blunting of sympathetic responsiveness has been reported, and at rest lifelong HA natives have also been reported to have a reduced response to sympathetic activation (3, 23, 28) . The effects of hypoxia in animals native and genetically adapted to HA have received relatively little attention.
Altered parasympathetic activity in hypoxia is still a matter of controversy; some studies report that it is not higher in prolonged hypoxia than in normoxia during exercise (2, 6, 25) , and others support a relative parasympathetic dominance (10, 33) . On the other hand, the decrease in cardiac and /or vascular response to adrenergic stimulation induced by prolonged hypoxic exposure in animals and humans is a well-documented phenomenon (19, 20, 26, 27) . The studies concerning this blunting have been attributed to a decreased density of adrenergic functional receptors [b-adrenergic receptor (b AR ) downregulation] (2, 13, 29) and decreased adenylate cyclase activity (29) or increased enzymatic catabolic activity (19) . The time-dependent b AR downregulation has been suggested to play an important role in terms of protecting the myocardium from excessive O 2 consumption (25) . In this regard, Whiteis et al. (30) have found in guinea pigs exposed to 10% O 2 that presynaptic restraint on NE synthesis and release in the heart might also be beneficial in terms of not increasing O 2 requirements.
A decrease in b AR density has been found in rats as well as in guinea pig ventricles exposed to simulated HA (13, 17, 29) . However, whether the downregulation phenomenon is also present in the native guinea pig, the ancestors of which had been exposed to HA well before the Andes were formed (,35 million years ago) (32) , is unknown. The present study was performed to explore some functional and cellular parameters of the sympathetic and parasympathetic systems in guinea pigs (Cavia porcellus) native to low and high altitudes and their reversibility with altitude changes. Heart rate response to isoproterenol (Iso; HR Iso ) and atropine, density of b AR and muscarinic (M 2 ) receptors, and the ventricular content of norepinephrine (NE) and dopamine (DA) were also examined. These results may help establish whether hypoxia-induced modulation of the sympathetic and parasympathetic systems is a wellestablished genotypical aspect of the evolution of animals in hypoxic environments. HA-SL). SL1, SL2, HA1, and HA2 groups were maintained in their respective environments. SL1 and HA1 groups were used for heart rate measurements and myocardial catecholamine determinations and SL2 and HA2 groups for b AR -and M 2 -receptor-binding assays; measurements were done in both ventricles in the two native groups (SL and HA). The SL-HA animals were transported from SL to HA, and the HA-SL animals were transported from HA to SL; both remained for 5 wk in their respective new environment. Heart rate measurements were made before the transportation and at the end of the 5-wk period. All the other determinations were done after the 5-wk period. In the transported groups (SL-HA and HA-SL), measurements were made only in the left ventricle. All the animals were of a Peruvian variety, 3-4 mo of age.
MATERIALS AND METHODS

Animals
Fourteen additional SL guinea pigs divided into two groups were used to determine the appropriate dose of Iso and atropine to obtain a heart rate increase of ,25%. Animals were anesthetized with ketamine given intraperitoneally (60 mg/kg). Ten minutes later they were injected, also intraperitoneally, with a dose of 0.93 mg/kg of Iso, which corresponds to 20 times the dose for a rat. The range of drug administered to reach the final effective dose was 0.02-1.0 mg/kg. The final effective dose of atropine was not determined because the guinea pigs failed to respond to a dose up to 100 times the effective dose for a rat.
HR Iso . Heart rate (beats/min) was measured in two groups, each at the corresponding altitude, by means of electrocardiograph electrodes placed subcutaneously at the extremities of lower and the upper limbs by means of 25-gauge needles. Heart rate was continuously monitored before and after the administration of the Iso, as long as the effect of the drug was present. The highest heart rate recorded after the administration of the drug was taken as the HR Iso value. The animals were allowed to recover at the end of each measurement.
After the measurements of the cardiac response to Iso, the animals were killed by cervical dislocation and the heart was rapidly removed. The left ventricle with the septum was separated from the right ventricle, and both were frozen in liquid nitrogen until use.
Membrane preparation. The experimental procedure was essentially the same as the one used by Kacimi et al. (13) with some slight modifications. Tissue was disrupted in 10 volumes of 10 mM tris(hydroxymethyl)aminomethane (Tris)·HCl with 1 mM ethylene glycol-bis(b-aminoethyl ether)-N,N,N8,N8-tetraacetic acid (EGTA), pH 8, with a tissue mixer at 4°C. Then it was homogenized (3 3 8 pulses), and the supernatant was centrifuged (20,000 g 3 30 min 3 3 times) in 10 volumes of ice-cold homogenization buffer (1 M KCl, 10 mM Tris · HCl, and 1 mM EGTA; pH 8) at 4°C. The final pellet was resuspended in storage buffer (50 mM Tris · HCl, 250 mM sucrose, and 1 mM EGTA; pH 7.5). Aliquots were either stored at 270°C or resuspended in the incubation buffer [(in mM) 20 HCl, 136 NaCl, 0.1 ascorbic acid, and 10 MgCl 2 ; pH 7.5)]. There was no difference in control animals between the results obtained by Kacimi et al. (14) compared with ours for either the b AR or the M 2 receptor.
b AR -and M 2 -receptor-binding assay. The measurement of b AR and M 2 receptor density and affinity in guinea pig ventricle was performed by using the method described by Kacimi et al. (13) . Portions of membrane preparation (50-100 µg/ml protein) were added to the incubation buffer containing the different concentrations of [ 125 I]iodocyanopindolol (2, 200 Ci/mmol; 2.5-100 pM) or [ 3 H]quinuclidinyl benzilate (47 Ci/mmol; 0.025-1 nM), respectively. Incubation was carried out at 25°C for 1 h in triplicate in a total volume of 500 µl. Nonspecific binding was determined in parallel duplicate assays by adding saturating concentrations of Iso (0.2 µM) or atropine (100 µM) and was ,10%. The reaction was terminated by filtration through a Whatman glass-fiber (GF/B) over a vacuum in a Millipore apparatus. Unbound ligands were then washed three times through the filter with a saline wash (0.9% NaCl). Retained radioactivity on filters was counted in scintillation vials. Protein determinations of each sample were measured in triplicate according to the method of Lowry (18) .
Heart tissue catecholamine. The assay of NE and DA content in left and right ventricles was done by the procedure described in Bioanalytical Systems (4) and by Kagedal and Goldstein (15) by using reverse-phase high-performance liquid chromatography with electrochemical detection.
For the determination of myocardial catecholamines, an aliquot of whole frozen ventricle was thawed, minced, and homogenized in ice-cold buffer phosphate (pH 7, 0.1 M). Catecholamine in 2 ml of the homogenized ventricles was absorbed onto acid-washed alumina with one-half volume of buffer Tris-EDTA (2% EDTA, pH 8.5, 1.5 M) during 10 min of shaking. After decantation, the supernatant was taken and the alumina was washed three times with distilled water; then the alumina was filtered by means of a microfilter with a nitrocellulose membrane and centrifuged (16,000 g) with 600 µl of 0.1 M perchloric acid. Two hundred microliters of eluant were injected into the high-performance liquid chromatography column (reverse-phase C 18 : 4.6 3 250 mm, 5-µm particle size, 80 Å pore size) and eluted with a mobile phase [10% methanol, 90% bidistilled water, citric acid (3.84 g/l), and octane sulfonate acid (100 mg/l); pH 5]. Flow rate was set at 0.9 ml/min at 10.6 V; 200 nA was used for NE and 50 nA for DA. 3,4-Dihydroxybenzylamine was used as the internal standard.
Data analysis. Radioligand-binding data were analyzed with a weighted nonlinear least squares curve-fitting computer program (Ligand) (24) . For saturation experiments, equilibrium dissociation constants (K d ) and maximum numbers of binding sites (B max ) were determined by nonlinear regression fitting to a one-site model. In the saturation experiments, 10 points were used for b AR and 12 for M 2 .
All values are expressed as means 6 SD. Paired or unpaired Student's t-tests were used to determine differences in means between groups, depending on the situation. Significance in all cases was considered when P , 0.05.
RESULTS
Heart rate measurements. Mean resting heart rate (RHR) was 206 6 30 beats/min in HA guinea pigs and 181 6 15 beats/min in SL animals. There was a significant increase in the RHR of the SL animals after 5 wk at 4,300-m altitude (SL-HA; 280 6 29 beats/min) (P , 0.0001). In contrast, RHR was not significantly different in the HA group after 5 wk at SL (HA-SL; 211 6 25 beats/min). The HR Iso (beats · min 21 · mg Iso 21 · kg 21 ) are shown in Fig. 1A . Iso increased heart rate in both groups, but at HA 160% of the SL dose gave only 56% of the SL cardiac response. In the transported groups, there was an increase (33%) in the HR Iso in the HA-SL group (P , 0.05) and a decrease (74%) in the SL-HA (P , 0.005); nevertheless, the HR Iso of the SL-HA group was not as great as in the HA group (P , 0.05).
Heart tissue catecholamine measurements. HA animals have a significantly lower content of NE (µg/g tissue) and DA (ng/g tissue) in left (P , 0.005) and right (P , 0.005) ventricles when compared with SL animals. In the HA-SL group, there was an increase in left ventricle NE content (P , 0.03), but in contrast the DA content was not significantly different between HA and HA-SL groups. As a consequence, the NE concentration of the HA-SL group was no different when compared with the SL group, but the DA concentration was lower (P , 0.0005). In the SL-HA group, there was a decrease in both NE and DA concentrations in left ventricles (P , 0.0001); however, the myocardial NE concentrations of the SL group transported to HA was lower when compared with the HA group (P , 0.05), whereas in contrast the DA concentration was not significantly different. Figure 1B shows the NE data, which almost parallel the DA findings. It is worthy to note that the figures obtained for NE correspond exactly to those of heart rate responses.
b AR -and M 2 -receptor binding measurements. HA guinea pigs showed a lower density (fmol /mg protein) (P , 0.05) and lower K d values (pM; P , 0.01) of b AR compared with SL guinea pigs. Receptor density and K d in the slightly hypertrophied right ventricle did not show any change. In the left ventricle of the HA-SL group, there was no change in b AR density; however, the K d was significantly higher in this group (P , 0.001). In the SL-HA group, there was a decrease in both B max and K d values (P , 0.05). Neither the B max of b AR nor the K d of the SL-HA group was different when compared with the HA group. On the other hand, the B max of the b AR of the HA-SL group was lower when compared with the SL group (P , 0.05), but the K d was unchanged (Fig. 2,  A and B) .
HA guinea pigs showed higher density values of B max (P , 0.001) with no difference in K d values of M 2 receptors compared with SL guinea pigs. In the left ventricle of the HA-SL group, there was a decrease in M 2 -receptor density (P , 0.0001) and K d (P , 0.0001). In the SL-HA group, there was an increase of the B max (P , 0.001) and a decrease of K d values (P , 0.05). Both the B max (P , 0.0001) and K d (P , 0.05) values for M 2 receptors of the SL-HA group were lower than those for the HA group. On the other hand, the B max of the HA-SL group was unchanged when compared with the SL group, but the K d was lower (P , 0.0001) (Fig. 3, A  and B) . 
DISCUSSION
Native HA guinea pigs show a differential regulation of cardiac receptors, as already observed in rats and humans exposed to hypoxia (10, 13, 26, 33) . The lower density of b AR and the higher density of M 2 receptors found in chronic hypoxia seem to be preserved even in a typical HA native animal. When native guinea pigs are transported to the alternative environment, the response to Iso appeared to be reversible; however, the amplitude of the phenomenon was blunted in the HA animals. In contrast, it seems that, even though there is a sensitization of the parasympathetic system, i.e, a M 2 -receptor upregulation, in both HA and SL-HA animals the amplitude of the sensitization was greater in HA guinea pigs. Changes in M 2 -receptor density mirrored exactly those of b AR , both in the natives and transported guinea pigs; however, the K d changes followed a different pattern. Contradictory results found in the M 2 K d from the HA-SL group when compared with the HA group could be considered in light of possible multiple classes of binding sites or cooperativity in M 2 receptors. However, our results seem to fit with a one-site plus additional nonspecific binding model and are in agreement with the work of Crockatt et al. (5) , which was also done in guinea pig heart. It would have been desirable if all the groups of guinea pigs had been of the same weight, but this is not an easy matter in a comparison of SL with HA native mammals, which usually have a lower weight than their SL counterparts (8) . However, the animals were matched by age and all the determinations were corrected by milligram of protein. In the case of HR Iso , because the Iso administred was corrected by weight, it is likely that the drug concentration achieved in both groups was similar.
There is a general consensus that the autonomic nervous system is altered when exposed to hypoxia despite some discrepant findings due, in part, to the different altitudes and exposure durations used in the reports. The adrenergic receptors seem to present a downregulation (13, 26, 29) and the M 2 receptors, an upregulation (7, 10, 14) .
Recently, Hughson et al. (11) and Koller et al. (16) have directly implicated parasympathetic withdrawal and sympathetic stimulation in the tachycardia of acute hypoxia. The former investigators demonstrated that 4-5 days exposure to HA increased the sympathetic and decreased the parasympathetic activities. However, by days 11-12 the sympathetic activity decreases whereas the parasympathetic activity increases compared with days 4-5. These authors also suggested that the changes found in heart rate variability during days 11-12 at altitude could be due to a downregulation of b-receptors as previously reported (2, 13, 29) . Nevertheless, Mazzeo et al. (22) have shown that the decrease in maximal heart rate and the chronotropic response to Iso occurred to the same extent in b-blocked subjects and concluded that other factors, independent of b-mediated factors may also contribute to this response. It is well known, however, that the use of b-blockers produces upregulation (1, 9) of b AR , which makes the latter results difficult to interpret. Kacimi et al. (13) have demonstrated, in left ventricles of rats exposed to 21 days of hypoxia (380 Torr), a decrease in adenosinergic A 1 receptors and an increase in M 2 receptors with a decrease in super-high-and high-affinity K d values. They also have shown (13) , in rat heart exposed to prolonged hypoxia, that the basal and maximal activities of adelynate cyclase activity were significantly decreased with Iso stimulation. They have postulated a differential modulation of adenosinergic and muscarinic receptors. This proposition is in agreement with another report, on guinea pigs exposed for 9 wk to 6,000-m-equivalent altitude (17) , which showed that there was no difference in the spontaneous atrial rates or responsiveness of the isolated atria to NE administration. Wolfe and Voelkel (31) have shown an increase in M 2 receptors in atria of rats exposed to 2-4 wk of hypoxia, In contrast, Crockatt et al. (5) have found a decrease in B max of M 2 receptors in right ventricle, right atrium, and sinoatrial and atrioventricular nodes in guinea pigs exposed during 2 wk to 5,490-m-equivalent altitude. However, not all heart regions have exhibited changes in response to hypoxia, which, according to the authors, provide evidence for the local specificity of the effect of hypoxia on the parasympathetic system.
Our results on NE and DA myocardial content disagree with those of Light et al. (17) in guinea pig heart; despite a significant decrease in catecholamine receptor density, after 9 wk of an 6,000-m-equivalent altitude, there was no change in the endogenous concentrations of catecholamines (12, 22) . The lower myocardial NE and DA contents found here may reflect an increase in receptor occupancy secondary to an elevation of plasma cathecholamines.
The results of the present investigation support the desensitization /sensitization model in the interpretation of the regulation of the b AR -and M 2 -receptor systems. The mechanism, on the basis of the experimental work done, may operate as follows: acute exposure to hypoxia should increase sympathetic activity and decrease parasympathetic activity with the concomitant heart rate increase at rest and during exercise. With sustained exposure to hypoxia, high-sympathetic and low-parasympathetic tone would lead to a decrease in the number of available tissue b AR and an increase of the M 2 receptors. This differential modulation would attenuate the sensitivity of the cardiovascular system to sympathetic stimulation and enhance it for parasympathetic stimulation, which, in turn, would allow a reduction in maximal heart rate and heart metabolic cost. In chronic long-term exposure to hypoxia, a new state of acclimatization would take place at a more optimal level, which may involve the modulation of receptor gene expression (3).
Our results also suggest that the changes in the autonomic system are still reversible, in contrast to other permanent modifications that have evolved to counteract HA hypoxia. Some examples of these latter modifications observed in animals genotypically adapted to HA are reduction of hypoxic ventilatory response to lower PO 2 , high hemoglobin-O 2 affinity, and absence of HA polycythemia. Thus, from an evolutionary point of view, the adrenergic and muscarinic responses may have evolved as cross-adaptations to correct metabolic demand rather than hypoxemia. The fact that these receptor regulations persisted in animals no longer submitted to variations in the hypoxic stimulus suggests that they did not develop as exclusively hypoxiadirected physiological adaptations. The preservation of differential cardiac receptor regulation in a welladapted HA animal also suggests that these regulatory mechanisms do not interfere with the process of adaptation to HA. On the contrary, it may favor the adaptability to life in chronic hypoxic conditions. We greatly acknowledge Rosario Tapia for technical assistance with the animals.
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